Phototropins are autophosphorylating protein kinases of plantspecific blue light receptors. They regulate various blue light responses, including phototropism, chloroplast movements, hypocotyl growth inhibition, leaf flattening, and stomatal opening. However, the physiological role of autophosphorylation remains unknown. Here, we identified phosphorylation sites of Ser or Thr in the N terminus, Hinge1 region, kinase domain, and C terminus in Arabidopsis phototropin1 (phot1) by liquid chromatographytandem mass spectrometry in vivo. We substituted these Ser or Thr residues with Ala in phot1 and analyzed their functions by inspecting the phot1-mediated responses of stomatal opening, phototropism, chloroplast accumulation, and leaf flattening after the transformation of the phot1 phot2 double mutant. Among these sites, we found that autophosphorylation of Ser-851 in the activation loop of the kinase domain was required for the responses mentioned above, whereas the phosphorylation of the other Ser and Thr, except those in the activation loop, was not. Ser-849 in the loop may have an additional role in the responses. Immunological analysis revealed that Ser-851 was phosphorylated rapidly by blue light in a fluence-dependent manner and dephosphorylated gradually upon darkness. We conclude that autophosphorylation of Ser-851 is a primary step that mediates signaling between photochemical reaction and physiological events.
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protein kinase ͉ stomata ͉ photoreceptor ͉ light signaling P hototropins (phot1 and phot2) mediate multiple blue light responses in Arabidopsis, including phototropism, chloroplast movements, leaf flattening, leaf positioning, stomatal opening, and rapid inhibition of hypocotyl growth (1) (2) (3) (4) (5) . These responses enhance photosynthesis and optimize plant growth, particularly under weak light (6) . Under strong light, phot2 induces a chloroplast-avoidance response to prevent photodamage to photosynthetic machinery (7) . Phototropins, therefore, are essential proteins for the survival of higher plants and the extension of their living areas, particularly under ever-changing environments of light.
Phototropins are blue light receptor protein kinases with two light, oxygen, voltage (LOV) domains in the N terminus and a Ser/Thr protein kinase in the C terminus (8) . The LOV domains possess noncovalent binding sites for the chromophore flavin mononucleotide (FMN) and cysteine residues (2, 9-11) and produce a covalent cysteinyl adduct with FMN when LOVs are illuminated with blue light (12, 13) . The cysteinyl adduct formation is the primary photochemical process; the adduct formation induces conformational changes in the LOV2 domain (14, 15) and J␣-helix (16) and leads to phototropin phosphorylation and subsequent physiological processes (17, 18) . Phototropin phosphorylation by blue light is demonstrated to be autophosphorylation through the use of recombinant proteins of PHOT1 and PHOT2 expressed in insect cells (2, 9, 17) .
Phototropin was initially found as a plasma membraneassociated phosphorylated protein in etiolated seedlings of pea (Pisum sativum) under blue light (19) , and extensive investigations established correlations between phosphorylation of the protein and phototropism (20, 21) . A typical example is the relationship between blue light responsiveness in phototropism and levels of phosphorylation in Zea mays coleoptiles (22) . Another is the asymmetric phosphorylation of the membraneassociated protein between the irradiated side and the shaded side of Avena sativa coleoptiles (23) . These results suggest that autophosphorylation plays essential roles in phototropism. However, no direct evidence of the role of autophosphorylation in phototropism has been obtained. It is even suspected that autophosphorylation is not the primary process, because it requires higher light intensity than is needed for phototropinmediated responses (4) .
Mapping of autophosphorylation sites in vitro identified eight sites of phot1a from A. sativa (24) . Two of the sites (Ser-27 and Ser-30) were located in the N terminus, and the other six (Ser-274, Ser-300, Ser-317, Ser-325, Ser-332, and Ser-349) were in the hinge region between LOV1 and LOV2 (Hinge1 region). In guard cells of Vicia faba, phot1a and phot1b underwent autophosphorylation by blue light, and the sites were determined to be Ser-358 for phot1a and Ser-344 for phot1b in the Hinge1 regions as the sites of 14-3-3 protein binding (25) . In Arabidopsis, however, any of the autophosphorylation sites of phototropin have not been determined, and thus this information will be crucial for the functional analyses of phototropin using this plant species.
In this study, we prepared phot1 protein from blue lightirradiated etiolated seedlings of Arabidopsis and determined the phosphorylation sites in vivo. We then investigated the roles of these phosphorylation sites by transforming the phot1 phot2 double mutant with the mutated phot1 constructs, in which the identified Ser or Thr residues had been substituted with Ala, and paid special attention to the stomatal responses. We demonstrated that autophosphorylation of the kinase domain is essential for initiating signaling to downstream components in phot1-mediated responses.
Phot1 proteins were isolated by immunoprecipitation from the membranes. Autoradiogram showed that the radiation densely labeled phot1 by 32 P with less mobility, whereas there was little labeling without irradiation (Fig. 1A) . This was blue lightinduced autophosphorylation in planta, because the phot1 from the kinase-dead D806N-2 line (see Table 1 ) showed no increase in phosphorylation (Fig. 1 A) . A 14-3-3 protein bound to phot1 upon autophosphorylation (Fig. 1B) . The immunoprecipitated phot1 proteins were stained by Coomassie brilliant blue (Fig. 1C) .
Mapping of in Vivo Phosphorylation Sites of Phot1. The phot1 proteins were digested with trypsin. The digested mixture of peptides was subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS). Three separate experiments mapped eight peptides derived from phot1 with phosphate modification (80 Da) by a Mascot database search. A typical collision-induced dissociation spectrum of phosphopeptide 408 KSpSLSFMGIK 417 is presented (Fig. 1D) . The fragmentation patterns of b-and y-ions allowed us to identify the phosphorylation site as Ser-410. The ion peaks with the phosphate group showed a mass shift by 80 Da as a result of the phosphatase treatment (data not shown), indicating that the peptide was phosphorylated.
At least seven other phosphorylation sites were identified in the same way. The phosphorylation sites included Ser-58, Ser-170, and Ser-185 in the N terminus; Ser-350 and Ser-376 in the Hinge1 region; Ser-849 and/or Ser-851 in the kinase activation loop; and Thr-993 in the C terminus (Fig. 1E) . Ser-58 and Ser-170 were found in the dark, and Ser-350 was found in both dark and light, but other sites were found in their phosphorylated forms after irradiation. Because of a lack of informative fragment ions, we could not determine whether Ser-849, Ser-851, or both were autophosphorylated.
To show whether blue light autophosphorylates Ser-851, we identified phosphorylated-Ser-851 (pSer-851) by an immunological method. We found a little pSer-851 in the WT-11 line under darkness, and the amount of pSer-851 increased when the seedlings were irradiated with blue light ( Fig. 2A ). In the kinase-dead line D806N-2, the amount of pSer-851 did not increase with blue light. The pSer-851 was absent in phot1 from the S851A-3 line (Table 1 ). These results indicate that Ser-851 is autophosphorylated by phot1 under blue light. The small amount of pSer-851 in both WT-11 and the D806N-2 lines might be produced by other kinase(s) in the dark. Phosphorylation of Ser-851 by blue light was fluence-dependent (Fig. 2B) . The phosphorylation proceeded rapidly in response to blue light, and the pSer-851 was completely dephosphorylated within 10 min in the dark (Fig. 2C ). Table 1) . We transformed the phot1 phot2 double mutant (phot1-5 phot2-1) with these constructs under the control of native PHOT1 promoter and selected the transgenic plants that expressed mutant phot1 proteins with levels similar to that of the control (gl1) (Fig. 3C) .
We initially assessed the blue light-specific stomatal opening. Stomata in the epidermis of gl1 leaves opened slightly by red light and widely by a weak blue light superimposed on the red light. The phot1 phot2 double mutant did not respond (Fig. 3A) . The blue light-specific stomatal opening was restored completely by the wild-type construct but not by the kinase-dead construct D806N (WT-11 and D806N-2 lines).
We measured blue light-specific stomatal opening in transgenic plants expressing mutant phot1 proteins with a single amino acid substitution of S58A, S170A, S185A, S350A, S376A, S849A, S851A, or T993A. The openings were restored almost completely in all of these plants (data not shown) except for the S851A-3 line. The stomatal response was only slightly restored in the S851A-3 line (Fig. 3A) .
We determined the responses in the transgenic plants expressing mutant phot1 proteins with multiple amino acid substitutions. The lines lacking 14-3-3 protein-binding sites of S350A S376A-4 and those of Others-4 with substitutions of the identified Ser and Thr (Table 1) showed complete stomatal opening in response to blue light (Fig. 3A) . However, the line of S849A S851A-6 lost stomatal opening in response to blue light (Fig. 3A) . These results indicate that Ser-851 is essential for phot1-mediated stomatal opening, with Ser-849 having some additional role, and that other phosphorylation sites are not required for stomatal opening.
We further substituted both Ser-849 and Ser-851 with Asp, which was expected to mimic phosphorylation (26) . Transformants of the double mutant with this construct restored the stomatal response by blue light (Fig. 3A , S849D S851D-2 and S849D S851D-3 lines). However, these substitutions did not affect the stomatal aperture in the dark. These results suggest that the substitution of Ser by Asp mimicked phosphorylation, and that the phosphorylation of the activation loop is not sufficient in inducing the stomatal opening and blue light is required for the opening. The kinase-dead phot1 protein with Asp substitutions did not restore stomatal opening by blue light (Fig. 3A, S849D S851D D806N-15 ).
Functional Role of Phosphorylation in Phot1 in H ؉ Pumping. Blue light activates the plasma membrane H ϩ -ATPase via phototropins, induces H ϩ pumping in guard cells, and initiates stomatal opening with concomitant inhibition of anion channels (27) (28) (29) (30) (31) (32) . We isolated guard cell protoplasts of Arabidopsis and determined blue light-induced H ϩ pumping (Fig. 3B) . Guard cell protoplasts from the gl1 plants showed H ϩ pumping in response to blue light, and the protoplasts from the phot1 phot2 double mutant lost H ϩ pumping (data not shown; ref. 32). The protoplasts exhibited complete H ϩ pumping when the double mutant was transformed with the wild-type construct (WT-11 line), but the protoplasts from the D806N-2 transgenic line lost the response. Guard cell protoplasts from the S849A S851A-6 line showed a little pumping. Interestingly, the protoplasts from the S849D S851D-2 line showed much larger pumping than those from the gl1 and WT-11 lines. Such large H ϩ pumping is probably brought about by a longer pumping period after blue light irradiation. The pumping durations after the pulse were 7.6 min for the WT-11 line and 19.1 min for the S849D S851D-2 line, and the maximum rates of H ϩ pumping showed similar values in these lines [supporting information (SI) Table S1 ]. Guard cell protoplasts from gl1 and transgenic plants exhibited similar rates of H ϩ pumping by fusicoccin, a H ϩ -ATPased activator, suggesting that pump activities were not suppressed in these transgenic lines.
The above results of H ϩ pumping in the protoplasts are in accord with the stomatal responses in the epidermis and intact leaves. The little pumping in the S849A S851A-6 line resulted in the loss of blue light-specific stomatal opening (Fig. 3A) . In contrast, the sustained nature of H ϩ pumping in the S849D S851D-2 line might result in larger stomatal conductance in the intact leaf of this line (Fig. S1) . In this line, the stomatal conductance continued to increase even after pulse stimulation.
Functional Role of Phosphorylation in Other Phot1-Mediated Responses. We measured other phot1-mediated responses. Blue light-induced hypocotyl bending was abolished in the double mutant and restored completely in the WT-11 line but not in the kinase-dead D806N-2 line (Fig. 4A) . The S849A-2 line showed partial phototropic bending, and the S851A-3 and S849A S851A-6 lines showed only slight bending. The S350A S376A-4 and Others-4 lines showed almost complete bending.
Chloroplast accumulation was measured by local irradiation of leaves with blue light. The gl1 leaves showed a green band by chloroplast accumulation, but the double mutant leaves did not show such a band. WT-11 leaves showed a green band, but D806N-2 leaves did not (Fig. 4B ). S851A-3 leaves displayed a pale-green band because of a low level of chloroplast accumulation, and S849A S851A-6 leaves did not show a band. In contrast, S350A S376A-4 and Others-4 leaves showed typical green bands.
We inspected the leaf shapes of these transgenic plants grown under white light. The gl1 leaves were flattened and suitable for capturing light (5, 6) , but the double-mutant leaves curled downward (Fig. 4 Band C) . The WT-11 leaves were flattened, but the D806N-2 leaves were curled. The S851A-3 leaves were partially flattened, and the S849A S851A-6 line had no flattened leaves at all. However, the leaves of S350A S376A-4 and Others-4 lines were flattened.
The S849D S851D-3 line completely restored chloroplast accumulation and leaf flattening and partially restored phototropism (Fig. 4) .
From these results, we conclude that phosphorylation of the Ser-851 in the activation loop is required for stomatal opening, phototropism, chloroplast accumulation, and leaf flattening, and that of Ser-849 seems to have some role in these responses. By contrast, other phosphorylation sites, including the 14-3-3 protein-binding sites, are not essential for these responses.
Phot1 Kinase Activities in Transgenic Plants. We determined blue light-dependent autophosphorylation activity of the phot1s in vivo in transgenic plants through the binding of a 14-3-3 protein to these phot1s. The phosphorylation-dependent binding sites for a 14-3-3 protein were identified at both Ser-350 and Ser-376 in the Hinge1 region of Arabidopsis phot1 (Fig. 5A, S350A  S376A-4 line) . The binding of 14-3-3 protein depended on autophosphorylation, because the binding was shown in the WT-11 line but not in the kinase-dead D806N-2 line (Fig. 5A) . We found that the binding was evident in the phot1 protein of the S849A S851A-6 line. This in vivo autophosphorylation of phot1 from the S849A S851A-6 line was confirmed by both staining of phos-tag, a specific indicator of phosphorylation (33) (Fig. 5B Upper) , and mobility shift of the protein (Fig. 5B Lower) . The results suggest that these substitutions did not significantly inhibit autophosphorylation activity of phot1 in vivo.
Discussion

Identification and Functional Analyses of Phosphorylation Sites in
Phot1. We identified phosphorylation sites in vivo using phot1 protein isolated from etiolated Arabidopsis seedlings by LC- (Fig. 1) . The sites contained two 14-3-3-binding sites of Ser-350 and Ser-376 (Fig. 5A) , which had been identified using the recombinant phot1 fragments (data not shown). This observation verifies the reliability of the LC-MS/MS method. Unfortunately, the LC-MS/MS method could not determine whether Ser-849, Ser-851, or both are autophosphorylated by blue light (Fig. 1E) . To investigate this further, we generated antibodies against pSer-851 and demonstrated that Ser-851 was autophosphorylated in a fluence-dependent manner (Fig. 2) . Unfortunately, we could not raise antibodies against pSer-849. However, the phenotypic analyses of phot1-mediated responses indicated the S849A S851A construct restored the phot1-mediated responses less than the S851A construct (Figs. 3 and 4) , suggesting Ser-849 is likely an autophosphorylation site. Salomon et al. (24) determined eight phosphorylation sites in vitro in Avena phot1a. However, those sites did not include any of the sites in the kinase domain or in the C terminus shown in this study. The difference in results is probably due to the phosphorylation condition of the phot1 protein. We phosphorylated Arabidopsis phot1 in planta by an endogenous phot1 kinase, but Salomon et al. (24) phosphorylated the recombinant Avena phot1a by PKA in vitro. Furthermore, the techniques used to identify phosphorylation site differed between the two experiments. We may have missed phosphorylation sites that exist in too-long or -short peptides produced by tryptic digestion, because these peptides were beyond the detection range of LC-MS/MS.
MS/MS
We hypothesized that divergent blue light responses via phot1 might be generated by various combinations of the phosphorylation sites in phot1, which might transmit distinct signals to the downstream components; the distinct constructs would restore the different phot1-mediated responses. In support of this hypothesis, there are at least eight phosphorylation sites in Avena phot1a that undergo autophosphorylation in response to different intensities of blue light (4, 24) . However, the transgenic lines, except for S849A-2, S851A-3, and S849A S851A-6, restored all of the responses (Figs. 3 and 4) . The transgenic S849A-2 line showed less impairment in these responses than the S851A-3 line. From these results, we conclude that the autophosphorylation of two Ser residues in the activation loop is required for these phot1-mediated responses, and Ser-851 is more important than Ser-849. The other autophosphorylation sites may have some other regulatory roles in phot1 functions.
Role of Phototropin Autophosphorylation in the Activation Loop. The activation loop is defined as the region spanning the conserved sequences DFG/D from kinase subdomain VII and APE from subdomain VIII. In general, phosphorylation in the loop brings about kinase activation both by the creation of the binding site for the substrate and the enhancement of catalytic activity (34) (35) (36) . In the present study, the simultaneous substitution of Ser-849 and Ser-851 with Ala almost completely eliminated the signaling (Figs. 3 and 4) . The same substitution did not significantly affect autophosphorylation activity determined in vivo (Fig. 5) . From these results, we conclude that the blue lightspecific autophosphorylation of the activation loop in phot1 may be the mechanism underlying endogenous substrate recognition. Further study will be needed to elucidate this.
Regulation of Phototropin Signaling State. The S849D S851D construct mimicked the phosphorylation of the Ser residues in the activation loop. However, the construct did not induce any responses without blue light in planta (Fig. 3 A and B) . This is explained by a recent report that LOV2 acts as a kinase inhibitor by binding to the kinase domain and that the kinase becomes able to phosphorylate the substrate by dissociation of LOV2 via blue light (18) . In accord with those results, the phot2 kinase domain, which is devoid of LOV domains, induces phot2-dependent responses without blue light (37) . Therefore, it is most likely that LOV2 prevents both activation loop autophosphorylation and substrate transphosphorylation in the dark; the blue light-induced dissociation of LOV2 from the kinase domain allows the phosphorylation of the activation loop and then creates the binding cleft for the endogenous substrates through the release of the loop from the cleft (34) .
We suspected that the signaling would be sustained if the phosphorylation levels of the activation loop were maintained. The stomatal responses of the S849D S851D-2 line may reflect the case where the substituted Asp in the activation loop cannot be dephosphorylated. The negative charges of Asps in the loop would prevent its refolding to the catalytic cleft and hinder the rebinding of LOV2 to the kinase domain. In the S849D S851D-2 line, H ϩ pumping lasted longer (Fig. 3B) , and greater stomatal conductance was found in the intact leaf (Fig. S1 ). In light of these results, dephosphorylation of the activation loop (Fig. 2C) would stimulate the termination of signaling, and some protein phosphatase(s) may regulate this process. In accord with this idea, dephosphorylation and H ϩ pumping were completed in similar periods; pSer-851 was dephosphorylated within 10 min, and H ϩ pumping was sustained for 7.6 min (Figs. 2 C and 3B; Table S1 ).
The alignment of the activation loop in phototropin kinases indicates that Ser-851 is conserved in both phot1 and phot2 of seed plants, ferns, mosses, and green algae (Fig. S2) . This suggests that autophosphorylation of the Ser residue may be a common event for phototropin-mediated responses in these plants.
Materials and Methods
Plant Materials and Growth Conditions. Plants of Arabidopsis thaliana gl1 as a control, the phot1-5 phot2-1 mutant, and all transformants were grown for 3-5 weeks under 14-h fluorescent light (50 mol m Ϫ2 ⅐sec Ϫ1 )/10-h dark cycle. All plants were grown at 24°C under a relative humidity of 55-75% in growth rooms. Etiolated seedlings were grown according to a previous method (17) .
Isolation of Phot1 by Immunoprecipitation. Microsomal membranes were prepared from 12,000 etiolated seedlings for MS analyses (25) . Phot1 proteins 
